Adopted orphan nuclear receptor (NR), pregnane X receptor (PXR), plays a central role in the regulation of xeno-and endobiotic metabolism. Since the discovery of the functional role of PXR in 1998, there is evolving evidence for the role of PXR agonists in abrogating metabolic pathophysiology (e.g., cholestasis, hypercholesterolemia, and inflammation). However, more recently, it is clear that PXR is also an important mediator of adverse xeno-(e.g., enhances acetaminophen toxicity) and endobiotic (e.g., hepatic steatosis) metabolic phenotypes. Moreover, in cancer therapeutics, PXR activation can induce drug resistance, and there is growing evidence for tissue-specific enhancement of the malignant phenotype. Thus, in these instances, there may be a role for PXR antagonists. However, as opposed to the discovery efforts for PXR agonists, there are only a few antagonists described. The mode of action of these antagonists (e.g., sulforaphane) remains less clear. Our laboratory efforts have focused on this question. Since the original discovery of azoles analogs as PXR antagonists, we have preliminarily defined an important PXR antagonist pharmacophore and developed less-toxic PXR antagonists. In this review, we describe our published and unpublished findings on recent structure-function studies involving the azole chemical scaffold. Further work in the future is needed to fully define potent, more-selective PXR antagonists that may be useful in clinical application.
Introduction
A fundamental tenet in drug metabolism implies that any drug (or xenobiotic) undergoes biotransformation and transport using coordinately expressed systems (i.e., enzymes and transporters). This tandem expression of enzymes and transporters is largely controlled at the level of transcription. This control is tissue restricted, specific, and attributed to ligand-regulated transcription factors. One such master regulator is pregnane X receptor (PXR) (Kliewer, 2003; Kliewer et al., 1998 Kliewer et al., , 1999 Kliewer et al., , 2002 Blumberg et al., 1998; Lehmann et al., 1998; Moore et al., 2002; Moore and Kliewer, 2000; Bertilsson et al., 1998) . Ligand-and non-ligand-regulated activation of PXR controls key xenobiotic metabolic pathways that involve the coordinate expression of enzymes involved in phase I (oxidation) and II (conjugation) and transporters (elimination) (Kliewer et al., 1999 Synold et al., 2001) .
The nuclear receptor (NR) superfamily
The NR superfamily is composed of transcriptional regulators that control the assembly of the basal machinery and can significantly affect target gene-expression levels. The canonical NR fold includes an N-terminal ligand-independent activation function 1 (AF-1) region, a zinc-module-containing, sequence-specific DNA-binding domain (DBD), a flexible hinge, and a ligand-binding domain (LBD) with a ligand-dependent activation function 2 (AF-2) surface at the far C-terminus of the protein. NRs are typically classified as steroid receptors [e.g., estrogen (ER), progesterone (PR), and androgen receptor (AR), respectively), adopted orphan receptors [e.g., liver X (LXR), farnesoid X (FXR), and peroxisome proliferatoractivator receptor (PPAR), respectively], and orphan receptors (e.g., COUP-TF, NGFI-B, and RVR). Steroid receptors have been shown to function as homodimers and adopted orphans as heterodimers with retinoid X receptor alpha (RXRα) . NRs also typically respond to a specific set of relative-affinity ligands (e.g., estrogen, oxysterols, and bile acids for ER, LXR, and FXR, respectively). Upon ligand binding, the AF-2 region of the LBD adopts a conformation that dissociates corepressor proteins and enhances binding to transcriptional coactivators, which, in turn, facilitate the recruitment of the basal transcription machinery to upregulate gene expression ( Figure 1) (Chawla et al., 2001; Gronemeyer et al., 2004; Mangelsdorf et al., 1995) .
However, there are numerous examples of NRs that vary this canonical NR paradigm. For example, monomeric NRs exist (e.g., liver receptor homolog 1; LRH-1), as well as NRs that lack a DBD (e.g., short heterodimer partner; SHP) and a detectable ligand-binding cavity within its LBD (e.g., Nurr1) (Chawla et al., 2001; Gronemeyer et al., 2004; Mangelsdorf et al., 1995) . As outlined below, PXR is unusual in the NR superfamily in its ability to bind to a wide array of structurally distinct ligands (Orans et al., 2005) .
Promiscuity in ligand binding by PXR
PXR was originally cloned from mice and shown to respond to endogenous pregnane ligands . The human homolog was also simultaneously characterized (Blumberg et al., 1998; Lehmann et al., 1998) . It has subsequently been adopted as a nuclear xenobiotic receptor and to regulate the expression of protective gene products in response to potentially toxic exogenous (i.e., xenobiotics) and endogenous chemicals (Blumberg et al., 1998; Lehmann et al., 1998; Moore et al., 2002; Moore and Kliewer, 2000) . PXR functions as a heterodimer with RXRα and controls gene expression in response to ligands as small as the cholesterol-lowering compound, SR12813 (268Da), to the macrolide antibiotic, rifampicin (823Da) ( Figure 2) (Orans et al., 2005) . In addition, PXR responds to several potentially toxic bile acids, such as lithocholic acid. Although most NR LBDs exhibit high sequence identity between orthologs in different species (e.g., 72% identity for ER LBDs) (Thornton, 2001) , PXR LBDs from different species vary relatively widely in sequence (e.g., 50-75% identity) and respond to distinct sets of ligands that likely reflect different xeno-and endobiotic pressures during evolution (Reschly and Krasowski, 2006) .
Crystal structures of the human PXR LBD
Structural studies have revealed that the human PXR LBD exhibits an overall fold similar to most NR LBDs, but with several unique features that enhance its promiscuity in ligand binding. The PXR LBD contains the three-layer helical sandwich first described for RXRα, but modifies the LBD scaffold to include an extended five-stranded antiparallel β-sheet, instead of the two-to three-stranded β-sheet commonly observed ( Figure 3 ) (Watkins et al., 2001 (Watkins et al., , 2002 (Watkins et al., , 2003a (Watkins et al., , 2003b Goodwin et al., 2002) . As a consequence, PXR frames a large, structurally conformable ligand-binding pocket that can accommodate both large and small ligands. The binding pocket of steroid receptors are typically 369-697 Å 3 , whereas PXR's pocket varies from 250 to 1,150 Å 3 (Watkins et al., 2001 (Watkins et al., , 2002 (Watkins et al., , 2003b Benoit et al., 2004) . The size of the pocket, and the mobility of side chains and untethered loops that line the pocket, facilitate structural changes that enhance promiscuity ( Figure 4) (Carnahan et al., 2005) . For example, key side chains, such as His-407 and Leu-209, move by up to 8 Å to accommodate small and large ligands; in addition, the 198-212 region of the protein has been observed to become completely disordered when complexed to rifampicin ( Figure 4 ) (Carnahan et al., 2005) . As outlined below, these features make antagonism of the receptor difficult.
When an activating ligand (agonist) is present, the AF-2 surface of the PXR LBD is stabilized in a conformation that allows the binding of a leucine-rich motif (e.g., NR boxes) found in transcriptional coactivators, such as the steroid receptor coactivator proteins (e.g., SRC-1, -2, and -3). These relatively short motifs dock as alpha-helices into the AF-2 surface, burying key leucines and stabilized by a charge clamp around the helical dipole ( Figure 5 ) (Orans et al., 2005) . The AF-2 surface has recently been targeted successfully by NR antagonists (Moore et al., 2010) .
PXR and drug metabolic pathways: a case for PXR antagonists
With regard to drug metabolism, some examples might illustrate the importance of the use of PXR antagonists. As noted from the mechanism of action of PXR, this receptor is involved in clinically important drug-drug interactions (DDIs). In the context of this review, PXR-mediated drug interactions result in a significant number of adverse drug interactions (ADIs). Indeed, ADIs account for 10-17% of medical indications for hospital admissions for elderly patients (Beard, 1992) . In some estimates, ADIs represent the fourth-to sixth-leading cause of death in the United States (Lazarou et al., 1998; Bates, 1998) . Induction or inhibition of cytochrome P450s (CYPs) represents one of the most common causes of DDIs, and many of these interactions involve CYP3A4 (Guengerich, 1997) .
For example, use of rifampicin, an established antituberculosis drug, can activate human PXR at concentrations used in the clinic (Biswas et al., 2009) . Indeed, in situations with coexistent illnesses, PXR activation can adversely affect (i.e., inactivate) other concomitantly delivered drugs, including anti-HIV (human immunodeficiency virus) protease inhibitors, oral contraceptive, thiazolidinediones, and benzodiazepines, such as midazolam and methadone (CYP3A substrates) (Biswas et al., 2009; Niemi et al., 2003; Back and Orme, 1990; Barry et al., 1997; Dowell et al., 2004; Grub et al., 2001; Jayasagar et al., 2003; Kakuda et al., 2011; Lotsch et al., 2002; Meyer, 1976; Pea et al., 2008; Poirer et al., 2007; Rosskopf et al., 2009; Schafer-Korting, 1993; Sheen, 2007; Vethe et al., 2011) . Clinical consequences of such adverse interactions are observed with cyclosporine (transplant rejection) (Ruschitzka et al., 2000) , loss of drug efficacy (anti-HIV and coadministered drugs) (Curran and Ribera, 2011; Kredo et al., 2011) , potential loss of efficacy of irinotecan, despite added benefit of protection from intestinal toxicity when PXR is activated (Borrelli and Izzo, 2009; Hu et al., 2007) , loss of efficacy with imatinib (approved treatment for chronic myeloid leukemia) (Borrelli and Izzo, 2009 ), methadone withdrawal (Kharasch et al., 2005; Bending and Skacel, 1977; Fromm et al., 1997; Holmes, 1990; Kreek et al., 1976; Anonymous, 2006) , and fatigue with selective serotonin reuptake inhibitors (Hu et al., 2007; Cheng et al., 2009) . Another example of drug interactions leading to liver toxicity is of isoniazid and 3-methylcholanthrene, which can accelerate the metabolism of acetaminophen. This interaction can result in accumulation of the alkylating metabolite, N-acetyl-p-benzo-quinone imine, and result in liver damage in a PXR-dependent manner (Guo et al., 2004; Lee, 2004; Burk et al., 1990; Crippin, 1993; Chen, 2010; Pondugula and Mani, 2012; Chen et al., 2012) .
Another provocative role for PXR is in the regulation of xenobiotic metabolism in cancer tissue. Indeed, recent reviews have shown that PXR activation invariably mediates xenobiotic clearance and, in keeping with this, cancer drug resistance. The putative mechanisms proposed likely involve upregulation of drug-detoxifying enzymes and transporters (Pondugula and Mani, 2012) , although other mechanisms hitherto undiscovered may prevail. The topic of PXR and cancer drug resistance has been reviewed previously , and there is growing consensus that PXR activation may indeed be an important mechanism of cancer drug resistance. It remains unclear whether this is broadly applicable to all cancer drugs or simply a subset, and this remains a subject for further studies (Pondugula and Mani, 2012; Raynal et al., 2010; Chen and Nie, 2009; Gupta et al., 2008) . In keeping with this notion, there is also growing evidence that PXR activation may accelerate tumor aggressiveness in a tissue-specific context (e.g., colon cancer), whereas PXR may also inhibit such effects (e.g., breast cancer) (Pondugula and Mani, 2012; .
PXR activation has complex effects on cholesterol metabolism, and though its activation reduces low-density lipoprotein cholesterol (elevates or reduces high-density lipoprotein) (White et al., 2010; de Haan et al., 2009; Masson et al., 2005; Cheng et al., 2012a; di Masi et al., 2009; Hernandez et al., 2009; Moreau et al., 2009; Moya et al., 2010; Zhou et al., 2009) , there is also an increase in triglyceride formation (Sui et al., 2011; Hoekstra et al., 2009; Zhou et al., 2008; He et al., 2011; Jonker et al., 2012) . Indeed, PXR activation is known to induce hepatic steatosis and thus has been implicated in the pathogenesis of nonalcoholic steatohepatitis. In select situations (e.g., persons with metabolic syndromes on high-fat diets), PXR antagonism, especially in the context of polypharmacy, might mitigate fat accumulation and deposition in the liver.
PXR agonists
The characteristics of PXR agonists have been reviewed previously, and readers are referred to several excellent reviews and reports (Jonker et al., 2012; Kojima et al., 2011; Yu et al., 2011; Cheng et al., 2010; Lau et al., 2010; Novotna et al., 2010; Shukla et al., 2011; Zhang et al., 2010; Dou et al., 2012; Sugatani et al., 2004; Cheng et al., 2012b) . These agonists could serve as potential drugs for certain human conditions (e.g., inflammation) (Lau et al., 2010; Gollamudi et al., 2008) .
PXR antagonists
Adverse PXR-dependent drug interactions may well be avoided if suitable PXR antagonists were widely available. Indeed, the ideal small molecule would have good drug-like properties, but be devoid of nonspecific cell-target effects and ability to induce cytotoxicity. Alternatively, the pharmaceutical industry has taken the strategy to develop compounds that lack PXR activity. Our laboratory has focused on developing nontoxic small-molecule antagonists targeting ligand-activated PXR. The rationale for such an approach stems from the observation that inappropriate activation of PXR by drugs contributes toward unwanted adverse events (Beard, 1992; Lee, 2004; Pondugula and Mani, 2012; Zhang et al., 2010) . In the context of cancer therapy, in addition to DDIs, there might be an added advantage in reversing PXR-mediated cancer drug resistance and tumor growth Svecova et al., 2008) .
The first PXR antagonist reported to function in this capacity was ET-743 (Synold et al., 2001) , which was subsequently followed by reports that included compounds such as polychlorinated biphenyls, camptothecin, ketoconazole, fluconazole, enilconazole Ekins et al., 2007 Ekins et al., , 2008 Dvorak, 2011; Wang et al., 2007; Duret et al., 2006; Takeshita et al., 2002; Mani et al., 2005; Zhou et al., 2007; Chen et al., 2010) , sulforaphane (Zhou et al., 2007) , A792611 (HIV protease inhibitor) (Healan-Greenberg et al., 2008) , metformin (Krausova et al., 2011) , sesamin (naturally occurring lignan) , fucoxanthin , and coumestrol . Notably, because these are diverse chemical entities, it is quite clear that many of the compounds bind other targets at concentrations well below the range that affects PXR (e.g., ketoconazole) (Ekins et al., 2007) . Indeed, this is borne out by the fact that concentrations of ketoconazole used for therapeutic purposes are clearly not high enough or sustained (>10 μM for at least 48-72 hours) to antagonize PXR activation in vivo (Fuchs et al., 2012) , and thus would lead to the erroneous conclusion that ketoconazole would not inhibit PXR activation in vivo. The doses required to inhibit PXR in vivo would likely to yield unacceptable toxicity, and these issues have led toward a search for safer and more high-potency ketoconazole analogs that antagonize PXR (Dvorak, 2011; Das et al., 2008) . If PXR activation can alter drug pharmacokinetics in humans (Baciewicz et al., 2008) , then it stands to reason (or is plausible) that its inactivation would have the opposite result, depending on the degree of mixed effects of the antagonist (e.g., concomitant inhibition of target enzymes). However, in this context, there is a completed study at the University of Washington (Seattle, Washington, USA) that will analyze the effects of sulforaphane on PXR-mediated DDIs in humans (http://clinicaltrials.gov/ct2/show/NCT00621309). The results of this study have been recently reported and do not support the notion that sulphoraphane antagonizes PXR activation in humans; however, the concentrations needed to sustain this effect was also not achieved in vivo. Furthermore, there was an absence of effect in a humanized PXR mouse model which further complicates the true effects of sulphoraphane in humans (Poulton et al., 2012) . Contrary to these observations, our ketoconazole analog, K2 (illustrated in Figure 12 ) has potent in vivo effects in a humanized PXR mouse model .
The Redinbo laboratory has determined the 2.8-Å resolution crystal structure of the PXR LBD in complex with T0901317 (T1317), an efficient agonist of both PXR and the related former orphan receptor, LXR (Xue et al., 2007) . In spite of differences in the size and shape of the receptor's ligand-binding pockets, key interactions with T1317 are conserved between human PXR and human LXR. Because T1317 exhibits high affinity for the PXR LBD (K d = 11 nM), they strived to design a PXR antagonist using the T1317 scaffold. Their aim was to generate an antagonist that functioned like the anticancer drug, tamoxifen, which disrupts the function of the ER, a related NR, by displacing the αAF helix in the ER LBD. Based on the PXR-T1317 structure, several analogs of T1317 were generated. However, compounds with long extensions designed to displace αAF position were still accommodated within the PXR ligand-binding pocket and functioned as agonists ( Figure 6) (Xue et al., 2007) . This is likely the result of the highly flexible and promiscuous nature of the PXR LBD, which can change its shape to allow larger ligands to bind. Thus, we chose to focus on developing antagonists that disrupt PXR function by targeting surface sites distinct from the ligandbinding pocket, as outlined below.
In 2002, the antifungal compound, ketoconazole, was reported to be an antagonist of PXR (Takeshita et al., 2002) . However, the mechanism of antagonism was unknown. In 2006, we showed, using a series of in vitro, cell-based, and in vivo experiments, that ketoconazole disrupted both coactivator and -repressor binding from the surface of several members of the orphan class of NRs, including PXR, CAR, FXR, LXR, and VDR . For PXR, this effect was found to be dependent on the presence of an established agonist, which indicated that the AF-2 surface must be stabilized before antagonism by ketoconazole ( Figure 7) . We further demonstrated, using wild-type (WT) and PXR knockout mice, that PXR serves as an important determinant of paclitaxel metabolism (Mani et al., 2005) . These data indicate that the activity of PXR is an important determinant of drug metabolism, which can be regulated, both in vitro and in vivo, by targeting small molecules to the AF-2 surface of the receptor.
We hypothesized that ketoconazole affects PXR transcriptional regulation by binding at the AF-2 surface, rather than in the ligand-binding pocket (Ekins et al., 2007; Dvorak, 2011; Wang et al., 2007; Duret et al., 2006; Baciewicz et al., 2008) . To test this hypothesis, several single and double mutations were generated in the AF-2 region of PXR (Duret et al., 2006) . Residues were replaced with corresponding amino acids from a steroid receptor (e.g., ERα) that is not antagonized by ketoconazole (Table 1) . In each case, the single mutants lead to a loss of PXR activity, apparently by introducing structural distortions in the AF-2 surface of the receptor (Duret et al., 2006 ). A280W appears to generate a clash with L428 of αAF, which would shift the position of this terminal alpha-helix and prevent coactivator binding. The replacement of P268 with the nonproline residue H may similarly disrupt the AF-2 surface by reducing the rigidity of the loop between α3′ and α4, thus altering the position of α4. T248E appears to introduce a clash with T422, which would likely shift αAF ( Figure 8 ) and lead to a loss in coactivator binding. Finally, replacement of K277 with Q would eliminate the capping of the electronegative helix dipole of αAF by the lysine, which may be critical to the proper positioning of αAF (Figure 8 ). The corresponding helix in the steroid receptor is one to two turns longer and thus cannot be capped by the equivalent side chain.
Significantly, however, the double-mutant T248E/K277Q form of PXR is active, but is not susceptible to antagonism by ketoconazole . The recovery of receptor activity is likely the result of a synergistic combination of effects: T248E shifts the αAF up and perhaps stabilizes the electropositive N-terminal helix dipole (as shown in Figure 8 ), but the shorter K277Q residue can accommodate the shift in αAF position to create an AF-2 surface capable of coactivator binding (although not to WT levels; see Wang et al., 2007) . Structural considerations also suggest that the elimination of K277 may be responsible for the loss of ketoconazole antagonism. Note that this residue is located close to the side chain of H697 in the NR box 2 of human SRC-1 (Figure 9 ). Ketoconazole contains an imidazole ring that may mimic this histidine side chain and compete for coactivator binding. This observation may explain why the antagonism of PXR is agonist dependent: The ordering of the AF-2 surface and, critically, K277 enhanced by ligand binding is necessary for ketoconazole binding. A lysine is conserved in this position in all the NRs susceptible to ketoconazole antagonism (PXR, CAR, FXR, and LXR), but is replaced by a nonlysine in NRs that do not respond to this compound (e.g., Q in ERα). Further, constitutively active pocket-filling mutants of PXR ( Figure 10) are still susceptible to antagonism by ketoconazole. Taken together, these data suggest that the AF-2 surface is a likely binding site for ketoconazole, and preliminary evidence suggested that PXR amino acids T248 and K277 were important ketoconazole-interaction residues that mediated antagonism.
These studies have shown us that it is feasible to use genetic mutational assays to evaluate PXR residues that might explain how ketoconazole binds to and antagonizes PXR activation. However, to get a fuller appreciation of this antagonist pharmacophore, we embarked on developing a high-throughput novel yeast genetic system to study PXR antagonism. Combinatorial mutants constructed individually for study in mammalian systems would be prohibitively time-consuming. Thus, in the yeast system, we developed a two-hybrid assay to study the ketoconazole-mediated disruption of PXR/SRC-1 interaction. Yeast two-hybrid assay is a genetic system that will allow the detection of protein-protein interactions and is amenable for large-scale screening of mutants of desired phenotype by using either colorimetric screening assays or specific selection schemes. Our design for isolating ketoconazole mutants of PXR was as follows. We first demonstrated that ketoconazole inhibits the interaction of LexA/DB/PXR and GAL4/AD/SRC-1 by using colorimetric X-gal assay using lacZ as the reporter in the yeast two-hybrid system. In this case, the positive interaction between two proteins in the presence of a ligand, such as rifampicin, should yield blue colonies, and disruption of this interaction resulting from the presence of ketoconazole in the assay system would yield white colonies. We then screened a random library of LexA/DB/PXR mutants against GAL4/AD/SRC-1 to isolate colonies that would remain blue in the presence of ketoconazole by virtue of the mutation in PXR that renders the protein insensitive to the inhibitory action of ketoconazole. Because ketoconazole is an antifungal drug, we have isolated a mutant yeast two-hybrid reporter strain resistant to the action of ketoconazole. This occurs by virtue of a genetic loss of intracellular targets for ketoconazole (ERG3/ERG11) and not the result of permeability and export mutations. This work is ongoing; however, we have discovered several residues that indeed validate the αAF surface as one important site for ketoconazole binding and antagonism. For example, a recurring mutation screened that was deemed to be insensitive to ketoconazole antagonism was Q272H. Indeed, this residue was predicted, in a docking pharmacophore model of PXR antagonists, to be a possible interaction residue (Figure 11) .
A complementary approach has also yielded useful information. We examined chemical scaffolds that might well antagonize PXR and for which there might be a basis of allosteric effects on the PXR receptor. We found three chemical scaffolds that might provide further light on the antagonist pharmacophore. In the first scaffold we studied, ketoconazole analogs, we identified the functional groups on the azole scaffold essential for activity against PXR. As outlined in Figure 12 , we have found that the two aromatic rings on ketoconazole (orange and magenta) are essential, as well as the five-membered ring joining them. For example, compounds K11-K15 lack one of these essential groups and exhibit no effect on PXR-mediated transcriptional activity in transient transfection experiments. Similarly, it was found that a polar group attached to one of the aromatic rings (orange in Figure 12 ) may be helpful for antagonism, but is not essential (e.g., compound K3). Finally, these studies showed that the azole ring on ketoconazole is dispensable for antagonism, as highlighted in the activity of compounds K1-2 and K4-10. Taken together, these results establish an initial structure-activity relationship (SAR) that will facilitate the design of novel compounds with improved half-maximal inhibitory concentration (IC 50 ) values for PXR antagonism. Indeed, compound K2 has been tested further and is far less toxic than its parent drug, ketoconazole (Das et al., 2008) . Additionally, K2 was more specific as a PXR antagonist, when compared to ketoconazole . We used molecular modeling methods with Sean Ekins (www.collaborations.com/CHEMISTRY.HTM), a key collaborator on this project, to identify compounds with structural features similar to the functional groups in ketoconazole required for antagonism. A range of potential antagonists was then screened in transient transfection studies to determine their IC 50 values for inhibiting PXR-mediated transcription. A promising lead from this work was SPB3255, which exhibited an 850-nM IC 50 value against PXR (Figure 13 ). In examining several analogs of this compound, we found that the following structural features were important for antagonist activity: Two adjacent aromatic rings along with a second aromatic group connected by a two-atom linker region (Figure 13) . These results establish a second antagonist scaffold to be used to develop novel, improved PXR-disrupting lead compounds (Dvorak, 2011; Wang et al., 2007) . The last PXR antagonist scaffold we discovered was identified by high-throughput screening in collaboration with scientists at GlaxoSmithKline , where PXR was first characterized as the human nuclear xenobiotic receptor. The phytoestrogen, coumestrol, was shown to antagonize PXR's upregulation target genes in transient transfection assays, with an IC 50 value of 11 μM, and to disrupt the binding of transcriptional coregulator binding to the AF-2 surface of the receptor (Figure 14 ) . We also showed that hydrogen bond donors were required for coumestrol antagonism, because analogs without a hydroxyl group at the compound's termini were not active . These data advance our understanding of the SAR required for PXR antagonism. Preliminary evidence suggests that there is a requirement for H-bond acceptors, a hydrophobe and ring aromatic. Antagonists require a balance between hydrophobic and hydrogen bonding features (Dvorak, 2011) . Although we did find that compound K2 was a more-specific PXR antagonist (in comparison with ketoconazole) , it remains unclear whether the other ketoconazole analogs or the SBP compounds exert unique effects on PXR, because these compounds have not been thoroughly assessed by in vitro assays.
Another report has shed some light on the feasibility of discovering PXR antagonists with greater potency and specificity against PXR [personal communication, Wenwei Lin, Ph.D., and Taosheng Chen, Ph.D., St. Judes (SJ) Children's Medical Center, Memphis, Tennessee, USA]. Select compounds synthesized at SJ (n = 21 SJ-numbered compounds) had minimal antagonist activity against eight NRs (GR, VDR, RXRα, RXRβ, FXR, PPARγ, LXRα, and LXRβ) (i.e., inhibition activity below 20% at 40 μM) using a cell (HEK293T)-based PXRtransactivation reporter system. However, these compounds were fairly potent PXR antagonists (50% inhibitory activity in the micromolar to submicromolar range). Further analysis of the mode of action of these compounds on PXR would enhance our understanding of how PXR activity is antagonized.
Conclusions
It is now clear that the discovery of PXR-specific antagonists is feasible; however, determining the most active pharmacophore to achieve this still remains elusive. Some of the cumbersome techniques might become simpler as we move toward isolating full-length PXR and obtain structural information regarding PXR in context with RXR, coactivators, and DNA. However, thus far, we have been successful in developing nontoxic azole analogs that may be used to antagonize PXR activation in vivo. Further, using high-throughput analysis of PXR mutants in a yeast two-hybrid system, we have also identified one important site on αAF that could serve as an allosteric site that modulates PXR activation. This discovery has clinical ramifications, but, more important, provide the basis for accelerated discovery of PXR antagonists.
Protein-protein interaction pharmacophores are shallow and do not possess the most favorable features that would fit inhibitors and antagonists (Pagliaro et al., 2004; Buzon et al., 2012; Choi et al., 2010 Choi et al., , 2011 . However, recently, it has been shown that for NRs, such sites are druggable (Biswas et al., 2009; Dong et al., 2010) . Indeed, conserved alternate-site allosteric pharmacophores (e.g., BF3) have clearly shown that specific surfaces may be exploited (Biswas et al., 2009; Dong et al., 2010) . Recently, it has been shown that fairly high-specificity inhibitors to select protein-interaction sites on PPARγ (i.e., cdk5-interaction domain) can be developed (Sugatani et al., 2012; Biswas et al., 2011) . Indeed, the discovery of similar post-translational modifications on PXR might well allow for similar strategies for the discovery of novel xenobiotic ligands and antagonists Staudinger et al., 2011; Hu et al., 2010) .
Finally, the implications for use of PXR antagonists in PXR-mediated drug metabolism are clear. Several conditions, namely, adverse DDIs that lead to clinical consequences, such as enhanced drug toxicity or reduced drug efficacy, can be controlled with the use of nontoxic, but potent, PXR-specific antagonists. Future development of these antagonists is warranted. Several analogs of the high-affinity PXR agonist, T0901317 (T1317; magenta) were synthesized with the aim of disrupting PXR function by sterically blocking αAF position. Large substituent groups were added to the T1317 scaffold (blue); however, analogs still functioned as agonists because of the flexibility of PXR. Proposed mechanism of ketoconazole's antagonism of human PXR. Form of PXR containing two targeted mutants (K277Q and T248E; cyan) that mimic residues found in steroid receptors insensitive to ketoconazole is not antagonized by this drug. K277-H687 contact in the PXR-SRC1 complex structure. Left: Designed mutants fill the pocket of PXR. Right: Double (I) and triple mutant forms of PXR are insensitive to binding-pocket-targeted agonists, but are still antagonized by ketoconazole. Q272H mutation, identified by yeast-screening methods, is located at the surface AF-2 site on PXR. This form of PXR is insensitive to ketoconazole, but sensitive to K2 (see Figure 7 ; also called "compound 3"). Hydrogen bond donors are essential for the PXR antagonism activity of coumestrol. Table 1 Example of corresponding amino acids on NRs in the αAF surface that affect αAF stability.
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